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Activation of a Tyrosine Kinase-MAPK Cascade
Enhances the Induction of Long-Term Synaptic
Facilitation and Long-Term Memory in Aplysia
tion). The majority of studies show either a correlation
of tyrosine kinase activity with learning, or show that
blockade of tyrosine kinases can impair synaptic plastic-
ity or memory. However, it has yet to be shown that
direct activation of tyrosine kinases can actually facili-
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hancement of endogenous tyrosine kinase activity sig-
nificantly facilitates the induction of both LTF and long-
term memory (LTM). Moreover, we show that the effectsSummary
of tyrosine kinases are mediated, at least in part, through
mitogen-activated protein kinase (MAPK) activation.Tyrosine kinases have been implicated in cellular pro-
cesses thought to underlie learning and memory. Here Thus, the combination of blocking and gain-of-function
experiments strongly support a role of tyrosine kinaseswe show that tyrosine kinases play a direct role in long-
term synaptic facilitation (LTF) and long-term memory in the induction of both long-term synaptic plasticity
and long-term memory for sensitization in Aplysia.(LTM) for sensitization in Aplysia. Tyrosine kinase ac-
tivity is required for serotonin-induced LTF of sensori- Some of the results in this paper have been previously
reported in abstract form (A.L. Purcell and T.J. Carew,motor (SN-MN) synapses, and enhancement of endog-
enous tyrosine kinase activity facilitates the induction 2002, Soc. Neurosci., abstract).
of LTF. These effects are mediated, at least in part,
through mitogen-activated protein kinase (MAPK) ac- Results
tivation and are blocked by transcriptional and transla-
tional inhibitors. Moreover, brain-derived neurotrophic Tyrosine Kinase Activity Is Required
factor (BDNF) also enhances the induction of LTF in for 5HT-Induced LTF
a MAPK-dependent fashion. Finally, activation of en- Repeated pulses of 5HT induce LTF (lasting at least 24
dogenous tyrosine kinases enhances the induction of hr) at SN-MN synapses both in culture (Montarolo et al.,
long-term memory for sensitization, and this enhance- 1986; Martin et al., 1997b) and in the intact CNS (Emp-
ment also requires MAPK activation. Thus, tyrosine tage and Carew, 1993; Mauelshagen et al., 1996; Zhang
kinases, acting through MAPK, play a pivotal role in et al., 1997). We first examined the effect of inhibiting
LTF and LTM formation. tyrosine kinase activity on 5HT-induced LTF of SN-MN
synapses in the intact nervous system. In an isolated
Introduction CNS preparation, we applied five spaced pulses of 5HT,
either in the presence or absence of the general tyrosine
Tyrosine kinases are known to play key roles in cellular kinase inhibitor genistein (Akiyama et al., 1987; Akiyama
proliferation and differentiation. Recently they have also and Ogawara, 1991). The results are shown in Figure 1.
been implicated in processes thought to underlie learn- While the vehicle-treated control group exhibited signifi-
ing and memory. For example, both receptor tyrosine cant LTF compared to baseline (meanSEM, 148.0%
kinases (Figurov et al., 1996; Kang et al., 1997; Maguire 9.8%, t6  5.13, p 0.01), genistein completely blocked
et al., 1999; Minichiello et al., 1999; Patterson et al., the induction of LTF (102.9%  13.2%, t5  0.10, NS).
2001) and nonreceptor tyrosine kinases (Bading and Moreover, there was a significant difference between
Greenberg, 1991; O’Dell et al., 1991; Grant et al., 1992; the EPSP amplitudes in the genistein-treated group and
Yu et al., 1997; Lu et al., 1998) have been shown to the vehicle control group at the long-term test point
be involved in the induction of hippocampal long-term (Figure 1B; t11  2.79, p  0.02). Thus, the induction of
potentiation (LTP) and also to play a role in various LTF at SN-MN synapses by five pulses of 5HT requires
forms of behavioral memory in Drosophila, chick, and tyrosine kinase activity.
mammals (Grant et al., 1992; Dura et al., 1993, 1995;
Rosenblum et al., 1995; Whitechurch et al., 1997; Mini- Increasing Tyrosine Kinase Function Enhances
chiello et al., 1999). Moreover, in Aplysia both MAPK, a the Induction of LTF
downstream substrate of many tyrosine kinase signaling We next asked whether increasing tyrosine kinase activ-
cascades, and growth factors, some of which signal ity could facilitate the induction of LTF. We functionally
through tyrosine kinase activation, have been implicated increased endogenous tyrosine kinase activity by
in long-term synaptic plasticity (Martin et al., 1997b; applying a general tyrosine phosphatase inhibitor bpV
Zhang et al., 1997; M. Giustetto, personal communica- (phen) (Bevan et al., 1995), a procedure that increases
tyrosine phosphorylation in other systems (Kalloo-Hosein
et al., 1997; Reuland et al., 1998). The phosphatase inhib-*Correspondence: tcarew@uci.edu
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Figure 1. Tyrosine Kinase Activity Is Re-
quired for Long-Term Synaptic Enhancement
(A) Representative traces from two separate
experiments showing that genistein blocks
LTF induced by five spaced pulses of 5HT.
Either vehicle or genistein was applied to the
preparation 25 min before the first pulse of
5HT (see Experimental Procedures). In this
and subsequent figures, the dashed line rep-
resents the baseline EPSP amplitude ob-
tained in ASW.
(B) Summary data depicting the normalized
EPSP amplitude at the long-term test point
(20–24 hr after treatment). In this and subse-
quent figures, values within the histograms
indicate probabilities associated with within-
group comparisons (vehicle, n 7; genistein,
n  6). Asterisk denotes p  0.05.
itor was applied for 30 min, either alone or in conjunction facilitation at the long-term test point (Figure 2C), dem-
onstrating that activation of tyrosine kinases alone can,with a single pulse of 5HT. Confirming previous reports
(Montarolo et al., 1986; Bartsch et al., 1995; Sherff and in some cases, induce LTF. Nevertheless, a chi-square
analysis (see Data Analysis) revealed that there was aCarew, 1999), a single 5 min pulse of 5HT did not pro-
duce significant LTF (Figures 2A and 2B; 108.8%  significantly greater probability of inducing LTF with the
bpV  5HT treatment (87.5%) than with treatment of20.4%, t5 0.90, NS). However, when the single pulse of
5HT was applied during the last 5 min of bpV application, bpV alone (Figure 2D; 37.5%; 21  4.27, p  0.05). This
result suggests that, under some conditions, activationsignificant LTF was induced (Figures 2A and 2B;
180.3%  16.3%, t7  5.84, p  0.01). There was also of tyrosine kinases alone is sufficient to induce LTF, but
LTF normally requires additional signals derived from 5HT.a significant difference between the 5HT alone and the
bpV 5HT groups (t12 2.77, p 0.02). Thus, activation
of endogenous tyrosine kinases is able to substitute for Alteration of Tyrosine Kinase Activity Does Not
Affect Short-Term Synaptic Facilitationseveral 5HT pulses, thereby lowering the threshold for
the induction of LTF. To test whether activation of tyrosine kinases was spe-
cific to long-term processes, we examined the effectsPreparations treated with bpV alone, as a group, did
not show significant LTF compared to baseline of both tyrosine kinase and tyrosine phosphatase inhibi-
tors during the induction of short-term facilitation (STF),(153.1%  33.9%, t7  1.46, NS). However, three out
of eight preparations treated with bpV alone showed which normally persists for up to 20 min following a
Figure 2. Increases in Endogenous Tyrosine
Kinase Function Enhance the Induction of
LTF
(A) Representative traces from experiments
demonstrating that treatment with bpV re-
duces the induction requirements for LTF.
The bpV  5HT group received a 5HT pulse
during the last 5 min of bpV treatment. The
5HT alone group was treated with normal
ASW for 25 min and then received a single 5
min pulse of 5HT.
(B) Summary data showing the normalized
EPSP amplitudes at the long-term test point
(5HT, n  6; bpV  5HT, n  8). Asterisk
denotes p  0.05.
(C) Results from preparations treated with
bpV  5HT (same data as in B) or bpV alone.
Preparations in the bpV alone group received
30 min of bpV. The histograms indicate the
means of each group, while the solid dia-
monds represent individual experiments (n
8 for both groups).
(D) The probability of inducing LTF was signif-
icantly greater in the bpV  5HT treatment
compared to bpV alone treatment.
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Activation of Tyrosine Kinases Induces
Downstream Activation of MAPK
How do tyrosine kinases exert their effects in 5HT-
induced LTF? Previous work in cultured SNs has shown
that MAPK is activated by five pulses of 5HT (Michael
et al., 1998) and is required for LTF at SN-MN synapses
(Martin et al., 1997b). Since MAPK is a common down-
stream substrate of tyrosine kinase signaling cascades,
we next asked whether tyrosine kinases function up-
stream of MAPK activation in the induction of LTF. Gan-
glia were treated with five pulses of 5HT either in the
presence or absence of genistein. At the end of the
treatment, SN cell bodies were excised and processed
for Western blot analysis with phospho-specific and to-
tal MAPK antibodies (see Experimental Procedures).
Consistent with a previous observation by Michael et
al. (1998), five pulses of 5HT induced significant phos-
phorylation of MAPK in SNs compared to ASW controls
(Figure 4A; 138.0%  17.2%, t14  2.25, p  0.05). We
further observed that genistein completely prevented
the increase in MAPK phosphorylation induced by 5HT;
in fact, we observed a modest decrease in MAPK phos-
phorylation compared to a genistein alone control (Fig-
ure 4B; 80.2%  7.2%, t14  3.15, p  0.05). These
data show that tyrosine kinase activity is required for
the downstream activation of MAPK in the signaling
Figure 3. Tyrosine Kinase Activity Is Not Required for the Induction cascade initiated by 5HT.
of STF
We next asked whether functional activation of en-
Vehicle or genistein was applied to isolated ganglia 25 min before
dogenous tyrosine kinases (through bpV), in the pres-a single pulse of 5HT, after which a short-term test was taken.
ence or absence of a single pulse of 5HT, could induceAnother pretest in drug/vehicle was taken 15 min after initial applica-
MAPK phosphorylation. Ganglia were treated with bpVtion to assess effects on baseline synaptic transmission.
Representative traces (A) and summary data (B) depict the normal- alone for 30 min or with a single pulse of 5HT coterminat-
ized EPSP amplitudes at both the pre 5HT time point and the short- ing with the 30 min bpV application. Two control groups
term test point. Genistein had no effect on baseline synaptic trans- were also analyzed; one was treated with ASW and the
mission or the induction of STF (genistein, n  6; vehicle, n  7). other with a single pulse of 5HT in the absence of bpV.
Representative traces (C) and summary data (D) showing the nor-
The results are shown in Figures 4C and 4D. Treatmentmalized EPSP amplitudes for the short-term effects of bpV applica-
with either bpV alone (Figure 4C; 137.2%  15.6%, t8 tion. The bpV alone group received bpV for 30 min. The 5HT alone
4.24, p  0.05) or bpV plus 5HT (Figure 4D; 161.6% group received 25 min of normal ASW followed by a 5 min application
of 5HT, while the bpV  5HT group received 30 min of bpV with a 26.6%, t8  2.81, p  0.05) induced significant MAPK
5 min 5HT pulse coterminating with bpV application. Application of phosphorylation in tail SNs compared to their respective
bpV did not produce a change in synaptic efficacy nor did it enhance controls. Interestingly, there was no significant differ-
the induction of STF (bpV alone, n  8; 5HT alone, n  6; bpV  ence between the amount of MAPK phosphorylation5HT, n  10).
exhibited by these two groups (t16  0.37, NS). In addi-
tion, a single pulse of 5HT did not increase MAPK phos-
phorylation (data not shown; t16  0.78, NS), which is in
single 5HT pulse (Mauelshagen et al., 1996; Sutton and agreement with previous observations in cultured SNs
Carew, 2000). Preparations were treated with genistein (Michael et al., 1998). These results show that tyrosine
25 min before the application of a single pulse of 5HT. kinase activation alone is sufficient to activate MAPK,
Consistent with our previous observations (Purcell and and this activation is not modulated by coincident 5HT.
Carew, 2001), genistein had no effect on baseline synap- Since a single pulse of 5HT (in conjunction with bpV)
tic transmission (Figures 3A and 3B; genistein, 99.6%  is required to reliably induce LTF at SN-MN synapses
18.5%; vehicle, 75.4%  8.0%, t11  1.27, NS) or STF (Figure 2B) but does not by itself induce MAPK phos-
(genistein, 289.4%  69.5%; vehicle, 232.1%  26.6%; phorylation or enhance MAPK phosphorylation induced
t11 0.82, NS). Furthermore, significant STF above base- by bpV, it appears that a single pulse of 5HT provides
line was induced in both the vehicle control (t6  4.02, an additional necessary signal (see Discussion) that is
p  0.01) and the genistein (t5  5.63, p  0.01) groups independent of MAPK activation and contributes to the
(Figure 3B). We also found that application of bpV alone induction of LTF.
did not induce STF (115.6%  8.0%, t7  1.32, NS), nor We next examined whether U0126, an inhibitor of
did it enhance STF induced by a coincident single pulse MAPK activation (by inhibiting the upstream kinase
of 5HT (Figures 3C and 3D; bpV 5HT, 203.9% 12.3%; MEK), could block the facilitated induction of LTF by
5HT alone, 242.2% 39.7%, Fisher’s PLSD, NS). These paired treatment of bpV and a single 5HT pulse. First,
data show that tyrosine kinase activity is not required we confirmed that U0126 reduced MAPK activity in the
for the induction of STF; rather, it is specifically recruited SNs, as assessed by the phospho-MAPK antibody. Gan-
glia were incubated for 1 hr with 20 M U0126 or vehiclefor long-term synaptic enhancement.
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data demonstrate that activation of endogenous tyro-
sine kinases facilitates the induction of LTF by activating
the MAPK signaling cascade.
Facilitated Induction of LTF by Tyrosine Kinase
Activation Requires Transcription
and Translation
MAPK is known to translocate to the nucleus of the SNs
in response to 5HT and is thought to regulate transcrip-
tion factors, thereby initiating gene induction (Martin et
al., 1997b; Michael et al., 1998). Since tyrosine kinase
activity is required for the activation of MAPK by 5HT
(Figure 4), we hypothesized that activation of the tyro-
sine kinase signaling cascade occurs upstream of gene
activation. To test this hypothesis, we applied the irre-
versible RNA synthesis inhibitor, actinomycin D, to iso-
lated ganglia before the facilitated induction of LTF by
bpV  5HT. The results are shown in Figure 6. While
control preparations exhibited significant LTF compared
to baseline (174.0% 11.1%, t4 3.75, p 0.02), prepa-
rations treated with actinomycin D did not (85.6% 
5.6%, t2 1.84, NS). Furthermore, there was a significant
difference between the groups [Figure 6B; F(2,10) 
15.37, p  0.01; Fisher’s PLSD, p  0.01], showing that
the facilitated induction of LTF by pairing tyrosine kinase
activation with a single pulse of 5HT requires tran-
scription.
We next examined translation. The immunosuppre-
sant rapamycin has been shown to block a specific
subset of protein synthesis that is stimulated down-
stream of growth factor receptors (Brown and Schreiber,
1996). Moreover, 5HT-induced increases in translation
have been shown to be sensitive to rapamycin (Yanow et
Figure 4. Tyrosine Kinase Activation Induces Phosphorylation of al., 1998; Casadio et al., 1999), and growth-associated,
MAPK in Tail Sensory Neurons persistent forms of LTF require rapamycin-sensitive pro-
(A) Sample blot and summary data illustrating activation of MAPK tein synthesis (Casadio et al., 1999). Therefore, we next
induced by five spaced pulses of 5HT (5  5HT). Control (C) repre- asked whether the induction of facilitated LTF required
sents ganglia treated with ASW over the same period. Phospho- rapamycin-sensitive protein synthesis. Rapamycin was
MAPK was normalized to total MAPK. The 5HT treatment group is
applied before and during the induction of LTF by thenormalized to its paired ASW control (n  15).
paired treatment of bpV and a single pulse of 5HT. In(B) Sample blot and summary data illustrating the inhibition of 5HT-
induced MAPK activation by genistein. The Gen 5 5HT treatment preparations treated with rapamycin, no significant LTF
group is normalized to its paired genistein alone control (n  12). above baseline was observed (Figures 6A and 6B;
(C) Sample blot and summary data showing the induction of MAPK 97.1%  14.2%, t4  0.30, NS). Moreover, the control
activation by bpV treatment. The bpV treatment group was normal- group showed significantly greater synaptic facilitation
ized to its paired ASW control (n  9).
than the rapamycin-treated group (Fisher’s PLSD, p (D) Representative blot and summary data illustrating MAPK activa-
0.01). These results show that activation of the tyrosinetion induced by bpV  5HT. 5HT in this case represents a single
pulse of 5HT. The bpV  5HT treatment group is normalized to its kinase signaling cascade requires rapamycin-sensitive
paired 5HT control (n  9). protein synthesis to facilitate the induction of LTF.
Neither actinomycin D nor rapamycin treatment af-
fected the induction of STF (Figure 6C) measured imme-
diately after the single 5HT pulse. Significant STF was(0.1% DMSO), after which SN clusters were excised and
induced in all three groups (bpV 5HT[paired], 205.9%MAPK phosphorylation was measured. Consistent with
12.1%, t3  4.60; rapamycin  paired, 240.2%  19.1%,a previous report (Chin et al., 2002), U0126 reduced
t5  4.12; actinomycin D paired, 211.5%  30.5%, t4 basal MAPK phosphorylation in the SNs (Figure 5A, in-
4.06, all p  0.02) and no significant difference wasset). Next, U0126 (20 M) or its inactive analog (U0124)
observed among the groups [F(2,12)  0.68, NS], show-was applied to isolated ganglia before and during the
ing that the drugs had no adverse effects on the stateinduction of LTF (Figure 5A). Preparations treated with
of the synapse.the inactive analog showed significant LTF compared
to baseline (Figure 5B; 159.8%  13.1%, t5  4.10, p 
0.01), while those treated with the inhibitor did not Brain-Derived Neurotrophic Factor Enhances
the Induction of LTF(114.4%  11.1%, t5  1.10, NS). Moreover, there was
a significant difference between the group treated with Receptor tyrosine kinases are known to mediate the
signals initiated by a variety of growth factors, includingU0126 and the control group (t10 2.64, p 0.03). These
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Figure 5. LTF Induced by bpV  5HT Re-
quires MAPK Activation
(A) Top: Sample blot showing that a 1 hr incu-
bation of tail SNs with U0126 reduces MAPK
activity as measured by the phospho-MAPK
antibody. Bottom: Representative traces
from two separate experiments showing that
U0126, but not its inactive isomer (U0124),
blocks LTF induced by paired treatment of
bpV and 5HT.
(B) Summary of long-term EPSP (normalized)
amplitudes (n 6, both groups). The asterisk
represents a significant difference (p  0.05).
the neurotrophins. Neurotrophins have been shown to whether a BDNF-like molecule might be a signal activat-
ing the tyrosine kinase cascade in the SNs. If this wereplay a role in activity-dependent synaptic plasticity in
the mammalian central nervous system (for review, see the case, BDNF might activate the same tyrosine kinase
signaling cascade as that activated by bpV, leading toSchinder and Poo, 2000). Preliminary evidence also sug-
gests that neurotrophins may play a role in LTF in the prediction that BDNF exposure might mimic the facil-
itatory effects on LTF that we observe with bpV. To testAplysia. Treatment of cultured SN-MN synapses with
a TrkB receptor body, which sequesters endogenous this notion, isolated ganglia were treated with human
recombinant BDNF (30 ng/ml) either alone or paired withligand, prevents the induction of LTF induced by 5HT
(M. Giustetto, personal communication), suggesting that a single pulse of 5HT (Figures 7A and 7B). Preparations
treated with either a single pulse of 5HT alone or witha neurotrophin similar to brain-derived neurotrophic fac-
tor (BDNF) or neurotrophin 4/5 (NT4/5) is released during BDNF alone did not exhibit significant LTF above base-
line (5HT alone, 70.3%  10.6%, t3  3.24, p  0.05;the induction of LTF. Furthermore, we showed that facili-
tated LTF induced by bpV  5HT requires protein syn- BDNF alone, 107.7%  13.5%, t7  0.41, NS). In fact,
the 5HT alone group displayed modest but significantthesis that is sensitive to rapamycin (Figure 6). Rapa-
mycin-sensitive translation has been reported to be depression the next day likely due to rundown in the
preparations overnight. However, BDNF treatmentregulated by growth factors (Brown and Schreiber,
1996), and BDNF-induced increases in translation and paired with a single pulse of 5HT induced LTF (160.9%
20.4%, t7  2.48, p  0.05). A factorial ANOVA at thesynaptic plasticity are blocked by rapamycin (Takei et
al., 2001; Tang et al., 2002). Therefore, we next asked long-term test revealed an overall significant difference
Figure 6. LTF Induced by bpV  5HT Re-
quires Transcription and Rapamycin-Sensi-
tive Translation
(A) Representative traces from three separate
experiments showing that application of acti-
nomycin D or rapamycin inhibits the induction
of LTF by bpV  5HT.
(B) Summary of long-term normalized EPSP
amplitudes measured the next day (paired,
n  5; paired  rapamycin, n  5; paired 
actinomycin D, n  3). “Paired” refers to
bpV  5HT treatment.
(C) Summary of short-term normalized EPSP
amplitudes measured immediately after the
single pulse of 5HT. Neither actinomycin D
nor rapamycin had any effect on the induction
of STF (paired, n  4; paired  rapamycin,
n  6; paired  actinomycin D, n  5).
Neuron
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F(2,23)  0.22, NS]. Significant STF above baseline was
induced in both the 5HT alone and BDNF  5HT groups
(5HT alone, 232.9%34.0%, t53.27, p0.03; BDNF
5HT, 296.6%  32.5%, t11  7.88, p  0.01, data not
shown), and there was no significant difference between
the amount of facilitation exhibited by each group.
Therefore, consistent with our results examining tyro-
sine kinases, BDNF appears to affect only long-term
processes.
To further examine the hypothesis that BDNF was
accessing the same tyrosine kinase signaling cascade
as bpV, we asked whether the facilitated LTF induced
by BDNF  5HT required MAPK activation. U0126 or its
inactive analog, U0124, was applied before and during
the induction of LTF by BDNF  5HT. Significant LTF
was induced in preparations treated with the inactive
isomer (Figures 7C and 7D; 160.1%  6.8%, t3  7.01,
p 0.01), but the induction of LTF was blocked in prepa-
rations treated with U0126 (79.7%  12.8%, t3  1.14,
NS). Furthermore, there was significantly greater facilita-
tion in the control group compared to the group exposed
to the inhibitor (t6 5.56, p 0.01). Application of U0126
had no effect on the induction of STF measured immedi-
ately after the single pulse of 5HT (data not shown;
U0124  BDNF  5HT, 220.5%  22.3%; U0126 
BDNF  5HT, 238.7%  26.9%, t13  0.52, NS). Thus,
MAPK activity is required for LTF induced by
BDNF  5HT.
Figure 7. BDNF Enhances the Induction of LTF by Activating MAPK
Activation of Tyrosine Kinases Enhances(A) Representative traces showing that human recombinant BDNF
the Induction of Long-Term Memoryinduces LTF when paired with a single pulse of 5HT. BDNF was
applied to the preparation for 30 min either alone or in conjunction Facilitation of synaptic efficacy between SNs and MNs
with a single 5 min pulse of 5HT. A third group (5HT) received only is thought to contribute to behavioral sensitization of
the single pulse of 5HT. defensive reflexes in Aplysia (Castellucci and Kandel,
(B) Summary data depicting the normalized EPSP amplitudes at the
1976; Frost et al., 1985; Cleary et al., 1998). Our observa-long-term test point (BDNF alone, n  8; 5HT alone, n  4; BDNF 
tion of a facilitated induction of LTF when endogenous5HT, n  8). Asterisk represents significant differences (p  0.05)
tyrosine kinases are activated (Figure 2B) leads to thefrom both the BDNF alone group and the 5HT alone group.
(C) Traces from representative experiments showing that U0126 but prediction that activation of endogenous tyrosine ki-
not U0124 blocks the induction of LTF by BDNF  5HT. U0126 or nases should also facilitate the induction of long-term
U0124 was applied 30 min before and during induction of LTF by memory (LTM) for sensitization. Moreover, like facili-
BDNF  5HT.
tated LTF, induction of the facilitated memory should(D) Summary of EPSP amplitudes (normalized) obtained at the long-
require MAPK activation. To test these predictions, weterm test point (n  4 both groups). Double asterisks represent a
used a semiintact preparation (see Experimental Proce-significant difference (p  0.01).
dures and Figure 8A), which allows the application of
drugs to the exposed central nervous system while si-
multaneously observing siphon withdrawal elicited byamong the groups [Figure 7B; F(2, 17)  5.94, p 0.02].
Post hoc analyses showed a significant difference be- tail stimulation (Sutton et al., 2001). After we obtained
baseline measurements of reflex withdrawal, bpV wastween the BDNF  5HT group and both the BDNF alone
(p  0.05) and 5HT alone (p  0.01) groups. Consistent applied to the nervous system for 45 min, during which
two tail shocks were administered (Figure 8A). Confirm-with our previous experiments with bpV (Figure 2), BDNF
alone did not produce LTF; in fact, in this series of ing previous observations (Sutton et al., 2002), two tail
shocks did not induce LTM for sensitization (Figure 8B).experiments, only one preparation out of eight showed
LTF (	130%). Collectively, these data show that BDNF However, preparations that received bpV treatment cou-
pled with the pair of tail shocks showed clear LTM forcan enhance the induction of LTF by converting a single
pulse of 5HT, which normally induces only STF, into a sensitization when tested 18 hr later (Figure 8B). This
group exhibited significantly elevated reflex responsesstimulus sufficient to induce long-term processes.
These results suggest that a BDNF-like molecule may compared to preparations treated with either bpV alone
or two shocks alone (median  IQR, bpV alone,be released during the induction of LTF by five spaced
pulses of 5HT (see Discussion). 100.3%  21.6%; two shocks alone, 100.5%  23.8%,
bpV  two shocks [paired], 127.3%  18.0%; Mann-Similar to the results obtained with both the tyrosine
kinase inhibitor and the phosphatase inhibitor, BDNF did Whitney U test, p 0.05). We next asked whether MAPK
activity, which is required for the enhanced induction ofnot induce a change in baseline synaptic transmission in
the absence of 5HT [data not shown; 92.1%  4.1%, LTF by both bpV and BDNF, was necessary for the
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Figure 8. Activation of Endogenous Tyrosine
Kinases Facilitates the Induction of Long-
Term Memory through Activation of MAPK
(A) Left: Schematic diagram of the semiintact
preparation, in which drugs can be applied
selectively to specific regions of the nervous
system (e.g., the ring ganglia, shaded area).
Right: Training protocol for the induction of
LTM. 100 M bpV or vehicle (ASW) was ap-
plied selectively to the ring ganglia 30 min
before the first of two tail shocks. Tail shocks
(TS) were given at an ITI of 15 min (see Experi-
mental Procedures).
(B) Summary data for the long-term test
points. Sensitization is expressed as an in-
crease in duration of siphon-withdrawal. Data
are normalized as a percentage change from
baseline (pretests) and are expressed as
medians interquartile ranges. Asterisks de-
note significance from the bpV and TS groups
(p  0.05). bpV alone (no tail shock, n  4),
TS (tail shock alone, n  10), bpV  TS
(n  11).
(C) Summary data showing that inhibition of MAPK blocks the facilitated induction of LTM by bpV  two tail shocks. 20 M U0126 or U0124
was selectively applied to the ring ganglia 30 min before, during, and 30 min after training (bpV  two tail shocks). bpV  TS  U0124, n 
9; bpV  TS  U0126, n  8.
enhanced induction of LTM as well. Either U0126 or forms of behavioral memory in this system (Sutton and
Carew, 2000, 2002; Sutton et al., 2001).U0124 (inactive analog) was applied 30 min before, dur-
ing, and 30 min after training. Incubation with U0126
completely blocked the facilitated induction of LTM (Fig- Tyrosine Kinase Activation and the Induction
of Long-Term Processesure 8C; median  IQR, paired  U0124, 121.8% 
31.2%; paired  U0126, 101.2%  27.0%; Mann-Whit- How might tyrosine kinase activation contribute to the
induction of LTF and LTM for sensitization? In mamma-ney U test, p  0.05). These results demonstrate that
tyrosine kinases acting through MAPK play an important lian systems, the neurotrophins and their tyrosine kinase
receptors have been implicated in a variety of forms ofrole not only in the long-term enhancement of synaptic
efficacy at SN-MN synapses, but also in the induction long-lasting synaptic plasticity (for review, see Schinder
and Poo, 2000). In considering our results, one possibil-of LTM.
ity (illustrated in Figure 9) is that one or more neuro-
trophin-like growth factors may be released (either fromDiscussion
the SNs themselves, or from other neurons in the circuit)
as a result of five spaced applications of 5HT, which inOur data show that tyrosine kinase activity is required
for 5HT-induced LTF at SN-MN synapses in Aplysia and turn initiates a tyrosine kinase signaling cascade in the
SNs. This type of mechanism has been proposed forthat the enhancement of endogenous tyrosine kinase
activity facilitates the induction of LTF. Both of these some forms of long-term potentiation (LTP) in the hippo-
campus. BDNF is thought to be released downstreameffects are mediated, at least in part, through down-
stream activation of MAPK. Furthermore, tyrosine ki- of cAMP elevation in the CA1 region of hippocampus
as a result of theta burst stimulation (Kang et al., 1997;nase activation occurs upstream of gene induction since
transcriptional and translational inhibitors block the en- Patterson et al., 2001). In support of this possibility, TrkB
receptor bodies, which sequester endogenous ligand,hanced induction of LTF by tyrosine kinase activation.
Moreover, consistent with known actions of tyrosine have been shown to block 5HT-induced LTF in cultured
Aplysia SN-MN synapses, suggesting that a neuro-kinase signaling in mediating the effects of neurotroph-
ins in several systems, we find that BDNF, when com- trophin-like molecule or other TrkB ligand is released
and is required for 5HT-induced LTF (M. Giustetto, per-bined with a 5HT pulse, also enhances the induction of
LTF in a MAPK-dependent fashion. Finally, as is the sonal communication). Furthermore, in this paper we
have shown that application of exogenous BDNF facili-case for LTF, activation of endogenous tyrosine kinases
also enhances the induction of long-term memory for tates the induction of LTF, mimicking the effect of in-
creasing endogenous tyrosine kinase activity by bpV.sensitization. We should emphasize that while our cellu-
lar and molecular studies have focused on the tail In addition, the enhanced induction of LTF by bpV 5HT
requires rapamycin-sensitive translation. This subset ofSN-MN synapse, there are important interneuronal link-
ages between the tail SNs and the siphon MNs (e.g., protein synthesis is stimulated downstream of growth
factor receptors (Brown and Schreiber, 1996) and isCleary and Byrne, 1993). Thus, some of the experimental
manipulations we have used, such as bath application recruited as a result of BDNF stimulation in mammalian
systems. For example, BDNF application to culturedof BDNF, may be affecting other cells in addition to the
SNs. Nonetheless, the tail SN-MN synapse has been a cortical neurons increases protein-synthesis in a rapa-
mycin-sensitive manner (Takei et al., 2001), and rapa-powerful predictor of the unique features of several
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also remove this inhibitory phosphatase constraint. This
type of mechanism would explain the reduction in
threshold for inducing LTF in the presence of the tyro-
sine phosphatase inhibitor. A similar mechanism has
been postulated for the induction of hippocampal LTP.
STEP, a tyrosine phosphatase associated with the
NMDA receptor complex, provides a tonic inhibitory
constraint on LTP induction (Pelkey et al., 2002). Protein
kinase A (PKA) has been shown to phosphorylate and
thus inactivate STEP (Paul et al., 2000). Interestingly,
PKA is persistently activated downstream of repeated
5HT pulses in Aplysia tail SNs (Muller and Carew, 1998)
and could play a similar role in regulating tyrosine phos-
phatase activity.
Mechanisms of Tyrosine Kinase Signaling
A second important question concerns how tyrosine
kinases function in the signaling cascade that leads to
LTF and LTM. Previous work in cultured SN-MN syn-
apses has shown that MAPK activity is required for the
induction of LTF by 5HT (Martin et al., 1997b). We have
shown that inhibiting tyrosine kinase activity blocks
MAPK activation by five pulses of 5HT, suggesting that
tyrosine kinase activation occurs downstream of the
Figure 9. Functional Model for the Interaction between Tyrosine 5HT receptor but upstream of MAPK activation (Figure
Kinases and Other Signaling Cascades in the Induction of LTF 9). Furthermore, application of a tyrosine phosphatase
This model attempts to integrate results in the present study with inhibitor leads to MAPK phosphorylation, suggesting
previous work in Aplysia. Five spaced pulses of 5HT give rise to that increases in endogenous tyrosine kinase function
persistent activation of PKA in tail SNs (Muller and Carew, 1998). In are sufficient to induce MAPK activation. This tyrosineaddition, 5HT may lead to the release of a neurotrophin-like growth
kinase-MAPK cascade is specifically recruited by stimulifactor (e.g., BDNF) from the SNs and/or MNs (M. Giustetto, personal
that induce long-term processes, since neither tyrosinecommunication). Since (1) MAPK activation has been shown to oc-
cur as a result of cAMP elevation (Michael et al., 1998), and (2) kinase (our results) nor MAPK activity (Martin et al.,
tyrosine kinases are required for 5HT-induced MAPK activation 1997b) is required for the induction of STF.
(present study), the release of the growth factor may occur as a We found that a single pulse of 5HT, paired with bpV,
consequence of PKA activation, a mechanism that has been pro- induces LTF, whereas neither stimulus alone is sufficientposed for the release of BDNF by theta-burst stimulation in hippo-
to produce long-term synaptic enhancement. However,campal neurons (Patterson et al., 2001). The newly released growth
a single pulse of 5HT does not enhance MAPK activationfactor would then activate a tyrosine kinase signaling cascade and
thus trigger downstream activation of MAPK (this model makes no compared to that produced by bpV alone, indicating
assumption as to whether the tyrosine kinase is a receptor or a that additional signals deriving from 5HT signaling (inde-
cytoplasmic tyrosine kinase). MAPK would then translocate to the pendent of MAPK activation) are required to induce LTF.
nucleus (Martin et al., 1997b), where it would phosphorylate Ap- How might MAPK and 5HT interact to initiate long-termCREB2 and relieve its inhibition of CREB1a. PKA, also translocating
processes? One possibility is that PKA, activated down-to the nucleus (Bacskai et al., 1993), could then phosphorylate
stream of 5HT (Muller and Carew, 1998), could regulateCREB1a and initiate transcription. PKA may also be involved in the
nuclear translocation of MAPK (Impey et al., 1998). the subcellular distribution of MAPK. For example, in
hippocampal pyramidal cells, the calcium-induced nu-
clear translocation of MAPK requires PKA activation
(Impey et al., 1998). In addition, in Aplysia SNs, MAPKmycin can block BDNF-induced increases in synaptic
efficacy as well as late-phase LTP in the hippocampus has been shown to translocate to the nucleus in re-
sponse to five pulses of 5HT and elevation of cAMP(Tang et al., 2002). Therefore, in our experiments a
BDNF-like molecule could be binding to a receptor tyro- (Martin et al., 1997b). Therefore, an attractive model
would be that a single pulse of 5HT activates PKA, whichsine kinase in the SNs to initiate processes required for
long-term synaptic plasticity. in turn facilitates nuclear translocation of MAPK (Fig-
ure 9).Another possibility is that binding of 5HT to its recep-
tor might activate downstream tyrosine kinases (Figure Another possible point of convergence between 5HT-
derived signals and MAPK is at the level of gene in-9). Consistent with this notion, there have been reports in
other systems describing signaling cascades, in which G duction in the nucleus. For example, ApCREB2, which
represses CREB-mediated transcription in SNs, hasprotein-coupled receptors lead to activation of tyrosine
kinases (for review, see Heuss and Gerber, 2000). A third consensus phosphorylation sites for MAPK but not PKA,
and PKA alone is unable to relieve the repression ofpossibility is that, under basal conditions, there is a
considerable amount of tyrosine phosphatase activity CREB-mediated transcription caused by ApCREB2
(Bartsch et al., 1995). In contrast, the CREB activatorthat acts to oppose the induction of long-term pro-
cesses. Perhaps repeated pulses of 5HT not only initiate isoform (CREB1a) can be phosphorylated by PKA
(Bartsch et al., 1998). Therefore, MAPK could phosphor-signaling cascades that induce gene transcription, but
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ylate ApCREB2 (Michael et al., 1998) and relieve its inhi- accepted mechanistic relationship between long-lasting
bition, allowing for PKA-dependent phosphorylation of changes in synaptic efficacy and the induction and
CREB1a to initiate gene induction. Interestingly, injec- maintenance of memory. Our data also add to a growing
tion of ApCREB2 antibodies into SN cell bodies, coupled body of evidence showing that growth factors can play
with a single pulse of 5HT, induces LTF (Bartsch et key roles in the formation of long-term memory.
al., 1995). This finding is similar to our results in which
application of the tyrosine phosphatase inhibitor bpV Experimental Procedures
also enables the induction of LTF by a single 5HT pulse.
PreparationTherefore, it is possible that tyrosine kinases, acting
Wild-caught adult Aplysia californica (obtained from Marinus, Longthrough MAPK, remove ApCREB2 inhibition, allowing
Beach, CA) were anesthetized by injection of isotonic MgCl2 (ap-for PKA activity (induced by the single pulse of 5HT) to proximately 100 ml/100 grams of body weight). Pleural-pedal ganglia
initiate CREB-mediated transcription (Figure 9). Another were removed from the animal and incubated for 30–45 s in 0.4%
important possibility is that CREB1a may be activated glutaraldehyde in order to reduce contraction of the connective
tissue during 5HT application. Ganglia were pinned out in a Sylgard-by MAPK via activation of p90Rsk, a pathway that has
coated recording dish containing a 1:1 mixture of isotonic MgCl2been described in mammalian systems (Impey et al.,
and artificial sea water (ASW, 460 mM NaCl, 55 mM MgCl2, 11 mM1998; Sweatt, 2001).
CaCl2, 10 mM KCl, and 10 mM Tris [pH 7.6]) to prevent synapticIn support of the model proposed in Figure 9, we have transmission during dissection. The ganglia were desheathed to
shown that the enhanced induction of LTF by bpV 5HT expose the somatic clusters of the tail SNs in the pleural ganglion
requires transcription, suggesting that tyrosine kinase and the tail MNs in the pedal ganglion. During the experiment, the
preparation was perfused at room temperature (20
C–22
C) at a rateactivation is upstream of gene induction. This transcrip-
of 4 ml/min with ASW or ASW containing specific drugs and/ortional requirement is characteristic of other forms of LTF
5HT. In some cases, experiments were performed in a static baththat have been described at this synapse (Montarolo et
(see below).al., 1986; Sherff and Carew, 2002), many of which also
require CREB activation (Martin et al., 1997a; Casadio
Intracellular Recordingset al., 1999). Thus, we would predict that LTF induced
Tail SNs and tail MNs were identified by their location in the somatic
by bpV  5HT would require CREB activation as well. clusters of the pleural and pedal ganglia, respectively (Walters et
In addition, we have shown that a rapamycin-sensitive al., 1983). Glass microelectrodes filled with a 3 M KCl solution for
subset of translation is required for the induction of intracellular recording had resistances between 8 and 15 M. Sig-
nals were amplified by Dagan (model IX2-700, Minneapolis, MN)LTF by tyrosine kinase activation. Previous reports have
and Axoclamp (model 2B, Axon Instruments, Foster City, CA) intra-shown that 5HT increases the rate of translation both
cellular amplifiers. Data were recorded and analyzed by a MacLabin pleural ganglia (which contain SN cell bodies) and
data acquisition system (AD Instruments, Mountain View, CA).
SN neurites, and this increase is reduced by rapamycin In all experiments, the resting membrane potential and the input
(Yanow et al., 1998; Casadio et al., 1999). The subset of resistance of each neuron were monitored. The MN was hyperpolar-
translation that can be inhibited by rapamycin is thought ized to 70 mV to prevent the cell from firing action potentials. The
membrane potential of the SNs was not altered during any of theto regulate a specific set of mRNAs that are normally
experiments. Monosynaptic excitatory postsynaptic potentialstranslated at low levels due to complex secondary struc-
(EPSPs) were evoked in the MNs by eliciting single action potentialstures in their 5-UTRs (Brown and Schreiber, 1996). The
in the SNs with 3 ms depolarizing current pulses.protein products of these unique mRNAs appear to be
required for long-lasting, growth-associated forms of
Experimental ProtocolsLTF, since rapamycin blocks the increase in synaptic
Three tests (ISI 15 min) in ASW were taken to determine baseline
efficacy and varicosity number 72 hr after LTF has been EPSP amplitude. Only stable synapses (20% change in EPSP am-
induced (Casadio et al., 1999). Since rapamycin blocks plitude from average baseline) were used for further experimenta-
the facilitation, we observe at 24 hr with bpV  5HT tion. Five pulses of 5HT (50 M, 5 min duration) spaced by 10 min
ASW washes were applied to the preparation. Either vehicle (0.33%treatment, our data support the idea that activation of
DMSO/0.43% ethanol) or 100 M genistein (Sigma, St. Louis, MO)tyrosine kinases taps into the cascade that signals for
was applied 25 min before the first pulse and remained present forpersistent, growth-associated facilitation. If this hypoth-
the duration of the five pulses. Genistein was used because it is theesis is correct, we would expect bpV  5HT treatment most rapidly reversible of the tyrosine kinase inhibitors that we have
to induce the growth of new varicosities. Transforming tested previously (Purcell and Carew, 2001). Normal ASW perfusion
growth factor  (TGF), which activates a serine/threo- resumed for at least 15 min after treatment. Cells surrounding the
nine signaling cascade, has been shown to induce LTF SN and MN were labeled with Fast Green and the preparation was
incubated in ASW overnight at 15
C. Cells were reimpaled 20–24 hrof this SN-MN synapse (Zhang et al., 1997). However,
after treatment to obtain a long-term measurement.TGF is thought to be released downstream of transcrip-
In experiments examining tyrosine phosphatase inhibition, 20 mltional events (Liu et al., 1997). Our data lead us to sug-
of 100 M potassium bisperoxo (1-10-phenanthroline) oxovanadate
gest that a tyrosine kinase cascade, perhaps activated (V) or bpV (phen) (Calbiochem, La Jolla, CA) was perfused after the
by a neurotrophin-like molecule, is required for gene third pretest. After 25 min, 5HT was added directly to the static bath
induction. Thus our data, together with several other to a final concentration of 50 M. Normal ASW perfusion com-
studies in Aplysia, raise the possibility that several menced at the end of the treatment and ganglia were marked for
long-term as described above. In experiments where the MEK inhibi-growth factors are required at different stages for the
tor U0126 or its inactive isomer U0124 (Calbiochem, La Jolla, CA)induction and maintenance of long-term synaptic plas-
were used, 20 ml of 20 M U0126 or U0124 was perfused 30 minticity and, by extension, long-term memory.
before application of bpV. Another 20 ml of ASW containing 20 M
In conclusion, we have demonstrated that increases U0126/U0124 and 100 M bpV was perfused at the 30 min time
in tyrosine kinase activity not only enhance the induction point. 5HT was again added to the static bath and ganglia were
of long-term synaptic plasticity but the induction of long- marked for long-term tests. For experiments using the irreversible
RNA synthesis inhibitor actinomycin D (Sigma, St. Louis, MO), iso-term memory as well, thus strengthening the generally
Neuron
482
lated ganglia were incubated with 50 g/ml of the drug for an hour data while paired comparisons were performed on the raw EPSP
amplitudes. To assess facilitation above baseline, paired t testsbefore the start of the experiment. The drug was removed and the
preparation was perfused for at least 30 min before the first pretest. were used. Unpaired t tests were used for comparisons between
two groups, while a factorial ANOVA followed by Fisher’s PLSD postFor the rapamycin experiments, 20 ml of ASW containing 200 nM
rapamycin/0.1% DMSO (Calbiochem, La Jolla, CA) was perfused hoc analyses were used for comparisons among three or more
groups. Differences were considered significant if p  0.05 (two-30 min prior to application of bpV. At the 30 min time point, another
20 ml of ASW containing 200 nM rapamycin and 100 M bpV was tailed). To assess the difference in probability of inducing LTF be-
tween the bpV alone group and the bpV  5HT group, a chi-squareperfused. The remainder of the procedure was identical to that
described for the initial bpV experiments. The protocol used for the analysis was performed. Preparations were considered to exhibit
LTF if the normalized EPSP amplitude at the long-term test wasBDNF experiments was identical to that used for the bpV experi-
ments. Ten milliliters of ASW containing 30 ng/ml BDNF (Calbio- 130% or greater. Based on this criterion, preparations were sorted
into LT and LT groups within the bpV alone and the bpV  5HTchem, La Jolla, CA) was applied to the preparation by perfusion
after the third pretest. When the MEK inhibitor was used, 20 ml of treatment.
Western Blot Analysis20 M U0126 or U0124 was perfused 30 min before application of
BDNF. Another 10 ml of ASW containing 20 M U0126/U0124 and Since each experimental ganglia had a corresponding control from
the same animal, the amount of MAPK activation is presented as a30 ng/ml BDNF was perfused at the 30 min time point. The remainder
of the experiment continued as described above. percentage of the control value (e.g., ASW versus 5 5HT, genistein
versus genistein  5  5HT, bpV treated versus ASW control, and
bpV  5HT versus 5HT). For statistical analysis, difference scoresWestern Blot Analysis
were obtained from the raw phospho-MAPK/total MAPK ratios be-Isolated pleural-pedal ganglia were desheathed to expose the so-
tween treatments and controls (e.g., bpV-ASW), and a single samplemata of the tail SNs and the tail MNs. From each animal, one pair
t test of the difference score was performed to assess significantof pleural-pedal ganglia was assigned to the experimental group
MAPK activation. When comparing across treatment groups as inand the other pair served as a control. Experimental treatments were
the comparison of bpV  5HT and bpV alone, an unpaired t test ofidentical to those used for the physiology experiments. Immediately
the difference scores was used. In the comparison between a singleafter treatment, the SN cell cluster was excised from the pleural
pulse of 5HT and ASW, an unpaired t test of the raw P-MAPK/ganglion and cells were lysed in lysis buffer. Samples were sepa-
total MAPK ratios was used because the ganglia in each of theserated using SDS-PAGE and transferred to nitrocellulose using stan-
treatment groups were from different animals but run on the samedard procedures. Blots were probed initially with phospho-p44/p42
blots.MAPK antibodies (Cell Signaling, 1:2000), stripped, and reprobed
Behavioral Analysiswith antibodies to total MAPK (Cell Signaling, 1:1000). Approxi-
Data were normalized as a percentage of the average baseline mea-mately equal amounts of tissue were taken for the control and exper-
surement. Median  interquartile range (IQR) are reported. Due toimental samples. To account for small differences in the protein
the nonnormal distribution of the data, nonparametric statisticalamount, the phospho-MAPK signal was normalized to the total
analysis was performed. Mann-Whitney U tests were used for be-MAPK signal in each lane (Patterson et al., 2001). Although we
tween group comparisons and Wilcoxon Signed Rank tests wereoccasionally detect two bands (as is the typical case in the mamma-
used for within-group comparisons.lian CNS) with the phospho-MAPK and total MAPK antibodies, we
usually observe only one band migrating at about 43 kDa, which is
consistent with other reports of Aplysia MAPK (Michael et al., 1998; Acknowledgments
Chin et al., 2002).
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